Featured Application: Shape memory cellular alloy combines the merits of shape memory effect and exceptional energy absorption capacity, having potential applications in automobile and other industries by promoting multiple crushing mitigation capacity.
Introduction
Shape memory alloy (SMA) is widely applied in various applications [1] , especially in the form of wires and bars [2] [3] [4] [5] . Foam and porous materials have exceptional properties in some aspects compared to their solid counterparts with the same mass, such as their strength-to-density ratio, fireproof nature, and thermal and sound isolation; thus, they are a versatile material with multiple applications. Easily manufactured even from recycled beverage cans [6] , its excellent energy absorption capacity [7, 8] makes it a promising candidate for structure protection against highly dynamic loads such as blast and impact. For instance, it can be used as the core of sandwich sacrificial claddings for building protection [9, 10] , the inner layer of blast chambers [11] , and as the crush mitigation layer for automobiles and water vehicles [7] . Recently, a simple and cost-effective method for the mass production of open-cell metal/alloy foam is reported, in which the foam parameters can be accurately controlled [12] .
It is natural to consider combining both merits of SMA and foam/porous structures to fabricate porous SMA or SMA foam. Among the various SMA foam manufacture methods, various sintering methods [13, 14] are frequently applied, while three-dimensional (3D) interconnected microchannels with steel wire spaceholders [15] is an alternative approach to fabricate NiTi porous structures. The quasi-static loading and recovery property of shape memory foam is investigated [16] , and a 2 of 11 theoretical model is established to accurately represent the properties analytically [17] . SMA foam finds its wide application in biomedical engineering with relatively small application strain, where it is applied quasi-statically and the deformed SMA almost recovers to its original configuration [18] .
When it comes to applications in protective engineering, things are different. On the one hand, due to the uncertain nature of the loading (generally impact and blast), the maximum strain cannot be guaranteed to be kept below a certain value under which recovery is almost complete; on the other hand, the loading is highly dynamic, and may lead to a shape memory foam response that is different from that subjected to a quasi-static load. However, the failure mode of shape memory foam exceeding its recovery strain under a quasi-static load until failure is rarely reported, as well as under the dynamic load. As a result, in the present study, the failure pattern of shape memory NiTi foam subjected to both quasi-static and dynamic loads is investigated, in which the strain exceeds the allowable recovery value. The research has significant implications on whether the shape memory NiTi foam is suitable for applications in protective engineering against impact and blast, and the possible issues to be addressed before successful industrial application. Shape memory NiTi foam with a relative density (defined as the ratio of foam density to base material density) of 45% of the base materials is experimentally tested.
Materials and Test Methods

Static Compression and Recovery
All of the specimens used in this study are cut from two identical pieces of NiTi foam panel with dimensions of 100 mm by 100 mm (thickness ranges from 7 mm to 14 mm), one of which is shown in Figure 1 . Specimens with 25-mm diameters were cut from one piece, while other specimens of 40-mm diameter were cut from the other foam piece. Electrical discharge machining was used to cut the specimens. Examination of each specimen after cutting suggested that they were almost uniform, and no obvious defects (i.e., crack or larger void than the general size) were found. Considering that the average thickness of all of the specimens was 10 mm, we assume that all of the specimens in the current study are uniform and of the same size. All of the specimens had a relative density of 45%. The specimens with 40-mm diameters were used in the quasi-static test, while those with a 25-mm diameter were used in the dynamic test.
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Dynamic Compression and Recovery
Five specimens of 25 mm in diameter and roughly 10 mm in thickness were tested. All of the specimens were cut from the same NiTi foam plate with a relative density of 45%; thus, they can be considered as having exactly the same properties. The split Hopkinson pressure bar (SHPB) system is widely accepted as one of the standard tests for dynamic material properties; therefore, it is applied in the current study, as shown in Figure 2 . Amongst these options, one sample was tested under 1 MPa gas gun pressure, while two specimens were tested for both 1.5 MPa and 2 MPa gas gun pressures, respectively. After each loading by the SHPB, the specimen is put into the furnace and heated at 95 • C for one hour. These three groups of tests are looked into and discussed separately. 
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Test Results with Discussions
Recovery Capacity of NiTi Foam Subjected to Static Load with Discussions
The states of the specimens after 10% strain compressive loading and after recovery are shown in Figure 3 . The maximum strain of NiTi bulk material under static loading is 10% [1] , beyond which the shape memory effect will be damaged. Therefore, to illustrate the advantage of NiTi foam over its solid counterpart in terms of deformability with shape memory effect maintained, 10% strain is 
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Recovery Capacity of NiTi Foam Subjected to Static Load with Discussions
The states of the specimens after 10% strain compressive loading and after recovery are shown in Figure 3 . The maximum strain of NiTi bulk material under static loading is 10% [1] , beyond which the shape memory effect will be damaged. Therefore, to illustrate the advantage of NiTi foam over its solid counterpart in terms of deformability with shape memory effect maintained, 10% strain is The maximum strain of NiTi bulk material under static loading is 10% [1] , beyond which the shape memory effect will be damaged. Therefore, to illustrate the advantage of NiTi foam over its solid counterpart in terms of deformability with shape memory effect maintained, 10% strain is chosen, and 20% strain is chosen as twice the maximum strain of NiTi bulk with shape memory effect unaffected.
The test results Figure 4 suggest that the strength of the shape memory foam increases initially, and then decreases with the increasing cycling number. The initial strengthening is caused by the compression and incomplete recovery: for each loading cycle, although only 10% overall compressive strain is applied, the NiTi foam cannot fully recover to the unloaded configuration, as seen from Tables 1 and 2 .
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The test results Figure 4 suggest that the strength of the shape memory foam increases initially, and then decreases with the increasing cycling number. The initial strengthening is caused by the compression and incomplete recovery: for each loading cycle, although only 10% overall compressive strain is applied, the NiTi foam cannot fully recover to the unloaded configuration, as seen from Tables 1 and 2 . Take the first cycle of compression and recovery of the 10% strain case as an example. Before test, the diameter is 40.00 mm, and the thickness is 12.20 mm, while after compression and recovery, the diameter becomes 40.18 mm, and the thickness becomes 11.92 mm. First, it is clear that the specimen diameter increases and the thickness decreases. Furthermore, a simple calculation suggests that the volume of the specimen decreases, leading to increased relative foam density, and hence increased strength. It is the competing mechanism between consolidation due to densification and damage accumulation due to multiple loading that determines the foam strength in each cycle. With this underlying mechanism, both observations for 10% and 20% strain can be analyzed in a unified criterion. On one hand, loading causes the densification of the foam, whose density increases as the volume of foam specimen decreases, even after recovery by heating. A relatively denser foam after loading provide a higher stress-strain curve compared with those with less dense foam, which has a strengthening effect. On the other hand, multiple loading and recovery induces damage accumulation, which has a weakening effect of the foam. Therefore, initial loading cycles enhance the foam, leading to a higher stress-strain curve in the next cycle, and further loading exceeding a cycle number induces damage accumulation. In addition, the response and recovery of bulk NiTi are examined [19] , which shows that among the five loading cycles: in the initial two loading cycles, the strength is relative low while in the third and fourth loading cycles, the strength goes high. When it comes to the fifth cycle, the stress-strain curve lowers. Despite the difference between the stress-strain curves of the NiTi foam and its counterpart bulk solid, the two material perform similarly with increasing cycle numbers in terms of strength.
A failure test was carried out to investigate the failure pattern and ultimate strength of the NiTi foam under quasi-static compressive loading. Figure 5 shows generally that the stress-strain relationship is a straight line, indicating that the stress increases with strain almost linearly, which is different from that of low-density metal foam, which has a stress plateau. At 25% strain, a short and sharp drop occurs, corresponding to the detachment of the foam part at the specimen fringe, as shown in Figure 5 . With the progress of the 0.4 mm/min compression, more foam parts gradually break apart from the fringe. From 37% strain corresponding to around 160 MPa stress, the NiTi foam parts continue to fall off the specimen, which results in a disrupted pattern in the stress-strain relationship. Take the first cycle of compression and recovery of the 10% strain case as an example. Before test, the diameter is 40.00 mm, and the thickness is 12.20 mm, while after compression and recovery, the diameter becomes 40.18 mm, and the thickness becomes 11.92 mm. First, it is clear that the specimen diameter increases and the thickness decreases. Furthermore, a simple calculation suggests that the volume of the specimen decreases, leading to increased relative foam density, and hence increased strength. It is the competing mechanism between consolidation due to densification and damage accumulation due to multiple loading that determines the foam strength in each cycle. With this underlying mechanism, both observations for 10% and 20% strain can be analyzed in a unified criterion. On one hand, loading causes the densification of the foam, whose density increases as the volume of foam specimen decreases, even after recovery by heating. A relatively denser foam after loading provide a higher stress-strain curve compared with those with less dense foam, which has a strengthening effect. On the other hand, multiple loading and recovery induces damage accumulation, which has a weakening effect of the foam. Therefore, initial loading cycles enhance the foam, leading to a higher stress-strain curve in the next cycle, and further loading exceeding a cycle number induces damage accumulation. In addition, the response and recovery of bulk NiTi are examined [19] , which shows that among the five loading cycles: in the initial two loading cycles, the strength is relative low while in the third and fourth loading cycles, the strength goes high. When it comes to the fifth cycle, the stress-strain curve lowers. Despite the difference between the stressstrain curves of the NiTi foam and its counterpart bulk solid, the two material perform similarly with increasing cycle numbers in terms of strength.
A failure test was carried out to investigate the failure pattern and ultimate strength of the NiTi foam under quasi-static compressive loading. Figure 5 shows generally that the stress-strain relationship is a straight line, indicating that the stress increases with strain almost linearly, which is different from that of low-density metal foam, which has a stress plateau. At 25% strain, a short and sharp drop occurs, corresponding to the detachment of the foam part at the specimen fringe, as shown in Figure 5 . With the progress of the 0.4 mm/min compression, more foam parts gradually break apart from the fringe. From 37% strain corresponding to around 160 MPa stress, the NiTi foam parts continue to fall off the specimen, which results in a disrupted pattern in the stress-strain relationship. 6 of 11 Figure 6 shows the failure pattern of the crushed specimen after the test. Foam parts with various sizes at the specimen fringe fall off, while the central part of the specimen remains intact. With such a failure mode, it is obvious that even if all the fallen parts and the main part can recover completely when heated, the load-bearing capacity of the NiTi foam specimen permanently degrades. Figure 6 shows the failure pattern of the crushed specimen after the test. Foam parts with various sizes at the specimen fringe fall off, while the central part of the specimen remains intact. With such a failure mode, it is obvious that even if all the fallen parts and the main part can recover completely when heated, the load-bearing capacity of the NiTi foam specimen permanently degrades.
The fall-off mass during loading at 20%, 25%, and 37% are 0.61 g, 1.13 g, and 4.25 g, respectively. Finally, the loading stopped at 45% strain, where some parts amounting to 5.58 g were observed. The fall-off mass measuring method is that the fall-off parts were removed at regular strain intervals, and the masses were weighed and recorded. Subsequently, the mass to a certain strain can be determined by gradually adding the incremental fall-off mass. 
Recovery Capacity of NiTi Foam Subjected to Dynamic Load with Discussions
For each specimen in the SHPB test, the thickness and diameters of the specimen before loading, after loading, and after recovery, as well as the velocity of the striker bar, are recorded in Table 3 . It is worth noting that the recovery is effective, but the efficiency is not 100%, implying that the foam undergoes plastic deformation in the present study. Note: the first digit of the test no. is specimen number, and the second digit of the test no. is the loading number for a certain specimen. Figure 7 shows the relationship between the dynamic nominal stress (force over the undeformed specimen's cross-section area) and nominal strain (shortening over undeformed specimen thickness) of a specimen subjected to 1.0 MPa of gas gun pressure and recovery three times. In addition to the original readings, smoothed trend lines with a high frequency signal filtered are drawn to show the dynamic relationship. It is interesting to find that the strength of the foam increases as the number of loading and recovery cycles increases. In particular, the increase in the first loading and recovery is remarkable. The mechanism is that although the NiTi foam can recover when heated, it cannot recover to its original undeformed state. For the same reasons as the compression/recovery, the The fall-off mass during loading at 20%, 25%, and 37% are 0.61 g, 1.13 g, and 4.25 g, respectively. Finally, the loading stopped at 45% strain, where some parts amounting to 5.58 g were observed.
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For each specimen in the SHPB test, the thickness and diameters of the specimen before loading, after loading, and after recovery, as well as the velocity of the striker bar, are recorded in Table 3 . It is worth noting that the recovery is effective, but the efficiency is not 100%, implying that the foam undergoes plastic deformation in the present study. Note: the first digit of the test no. is specimen number, and the second digit of the test no. is the loading number for a certain specimen. Figure 7 shows the relationship between the dynamic nominal stress (force over the undeformed specimen's cross-section area) and nominal strain (shortening over undeformed specimen thickness) of a specimen subjected to 1.0 MPa of gas gun pressure and recovery three times. In addition to the original readings, smoothed trend lines with a high frequency signal filtered are drawn to show the Appl. Sci. 2018, 8, 741 7 of 11 dynamic relationship. It is interesting to find that the strength of the foam increases as the number of loading and recovery cycles increases. In particular, the increase in the first loading and recovery is remarkable. The mechanism is that although the NiTi foam can recover when heated, it cannot recover to its original undeformed state. For the same reasons as the compression/recovery, the relative density of the foam increases with the test number for the same specimen, hence the increased dynamic stress-strain relationship. Subjected to 1.5 MPa of gas gun pressure, the increase in the foam strength is also observed for both specimens tested.
Strain rate is defined as the derivative of strain with respect to time. It is a measurement of loading speed: the higher the loading speed, the higher the strain rate. It is the property of a material (especially the strength) under dynamic loading, and is often characterized by the Cowper-Symonds relationship:
where σd and σy are the dynamic and quasi-static strength; ε is the strain rate; and D and q are
Cowper-Symonds coefficients. The D and q of steel are 600 and 5, implying that the steel is ratesensitive while the D and q of aluminum are 6500 and 4, respectively, meaning that aluminum is rateinsensitive.
As to the NiTi foam behavior indicated in Figures 7a and 8a of the current study, the gas gun launching pressures of 1.0 MPa and 1.5 MPa generates a striker velocity of 14.1 m/s and 16.7 m/s, respectively. Subsequently, the compressive loading speeds onto the specimen are different, resulting in different loading rates. From the figures, it is observed that the higher the strain rate, the higher the dynamic strength of the NiTi foam, which implies that the NiTi foam is a rate-sensitive material. Subjected to 1.5 MPa of gas gun pressure, the increase in the foam strength is also observed for both specimens tested.
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As to the NiTi foam behavior indicated in Figures 7a and 8a of the current study, the gas gun launching pressures of 1.0 MPa and 1.5 MPa generates a striker velocity of 14.1 m/s and 16.7 m/s, respectively. Subsequently, the compressive loading speeds onto the specimen are different, resulting in different loading rates. From the figures, it is observed that the higher the strain rate, the higher the dynamic strength of the NiTi foam, which implies that the NiTi foam is a rate-sensitive material. When specimen 1 after the SHPB tests is examined, it is found that under the first loading, some major cracks initiate in the center and propagate through the whole specimen, but the cracked specimen remains as an entire piece, as shown in Figure 9a . However, in the second test, the cracks develop and the specimen falls into pieces, as shown in Figure 9b . The failure prevents the specimen to be tested in the subsequent loading cycles, which accounts for why different specimens undergo different numbers of loadings. Again, it is observed that the dynamic strengths of the second test of both specimens under 1.5 MPa loading are higher than those of the first test. When specimen 1 after the SHPB tests is examined, it is found that under the first loading, some major cracks initiate in the center and propagate through the whole specimen, but the cracked specimen remains as an entire piece, as shown in Figure 9a . However, in the second test, the cracks develop and the specimen falls into pieces, as shown in Figure 9b . The failure prevents the specimen to be tested in the subsequent loading cycles, which accounts for why different specimens undergo different numbers of loadings. Again, it is observed that the dynamic strengths of the second test of both specimens under 1.5 MPa loading are higher than those of the first test. When specimen 1 after the SHPB tests is examined, it is found that under the first loading, some major cracks initiate in the center and propagate through the whole specimen, but the cracked specimen remains as an entire piece, as shown in Figure 9a . However, in the second test, the cracks develop and the specimen falls into pieces, as shown in Figure 9b . The failure prevents the specimen to be tested in the subsequent loading cycles, which accounts for why different specimens undergo different numbers of loadings. Again, it is observed that the dynamic strengths of the second test of both specimens under 1.5 MPa loading are higher than those of the first test. When zoomed-in, the foam failure is clear: some joints fracture and disconnect with adjacent parts, as illustrated in Figure 10 . When zoomed-in, the foam failure is clear: some joints fracture and disconnect with adjacent parts, as illustrated in Figure 10 . For the same reason, the test stops for both specimens after the first loading cycle when subjected to 2.0 MPa of gas gun pressure, because the specimen surface becomes significantly smaller and uneven with broken joints. Thus, further loading does not make sense. As expected, the strain rate effect of this NiTi foam is significant when compared with the first test for each specimen under lower loading intensities, as shown in Figures 7a, 8a , and 11. The higher the strain rate, the higher the dynamic strength. The failure pattern of NiTi foam subjected to dynamic load is significantly different from that subjected to quasi-static load: major cracks initiate and develop in the specimen center under dynamic loading. The mechanism is that dynamic compression in the out-of-plane direction leads to a quick expansion in the in-plane direction (the plane refer to the specimen round surface), resulting in quick tension in the in-plane direction. While material tends to become brittle when loaded with a relatively higher strain rate, and recall that the largest tensile stress occurs in the disc center, cracks initiate and develop in the center. On the contrary, while the foam disc is compressed quasi-statically, there is sufficient time for the stress to distribute. Then, the joint failure does not initiate at the center; instead, small foam parts fall off the fringe. The different failure patterns suggest that the shape memory NiTi foam deforms differently when subjected to different loading rates.
In fact, the three major factors governing the mechanical properties (such as stiffness and strength) of the porous/cellular solids are porosity (or relative density, which is defined as the ratio of foam density to density of the bulk materials from which the foam is made), pore size, and pore distribution. However, almost all of the current theories on cellular solids, including metal foam For the same reason, the test stops for both specimens after the first loading cycle when subjected to 2.0 MPa of gas gun pressure, because the specimen surface becomes significantly smaller and uneven with broken joints. Thus, further loading does not make sense. As expected, the strain rate effect of this NiTi foam is significant when compared with the first test for each specimen under lower loading intensities, as shown in Figures 7a, 8a and 11 . The higher the strain rate, the higher the dynamic strength. When zoomed-in, the foam failure is clear: some joints fracture and disconnect with adjacent parts, as illustrated in Figure 10 . For the same reason, the test stops for both specimens after the first loading cycle when subjected to 2.0 MPa of gas gun pressure, because the specimen surface becomes significantly smaller and uneven with broken joints. Thus, further loading does not make sense. As expected, the strain rate effect of this NiTi foam is significant when compared with the first test for each specimen under lower loading intensities, as shown in Figures 7a, 8a , and 11. The higher the strain rate, the higher the dynamic strength. The failure pattern of NiTi foam subjected to dynamic load is significantly different from that subjected to quasi-static load: major cracks initiate and develop in the specimen center under dynamic loading. The mechanism is that dynamic compression in the out-of-plane direction leads to a quick expansion in the in-plane direction (the plane refer to the specimen round surface), resulting in quick tension in the in-plane direction. While material tends to become brittle when loaded with a relatively higher strain rate, and recall that the largest tensile stress occurs in the disc center, cracks initiate and develop in the center. On the contrary, while the foam disc is compressed quasi-statically, there is sufficient time for the stress to distribute. Then, the joint failure does not initiate at the center; instead, small foam parts fall off the fringe. The different failure patterns suggest that the shape memory NiTi foam deforms differently when subjected to different loading rates.
In fact, the three major factors governing the mechanical properties (such as stiffness and strength) of the porous/cellular solids are porosity (or relative density, which is defined as the ratio of foam density to density of the bulk materials from which the foam is made), pore size, and pore distribution. However, almost all of the current theories on cellular solids, including metal foam The failure pattern of NiTi foam subjected to dynamic load is significantly different from that subjected to quasi-static load: major cracks initiate and develop in the specimen center under dynamic loading. The mechanism is that dynamic compression in the out-of-plane direction leads to a quick expansion in the in-plane direction (the plane refer to the specimen round surface), resulting in quick tension in the in-plane direction. While material tends to become brittle when loaded with a relatively higher strain rate, and recall that the largest tensile stress occurs in the disc center, cracks initiate and develop in the center. On the contrary, while the foam disc is compressed quasi-statically, there is sufficient time for the stress to distribute. Then, the joint failure does not initiate at the center; instead, small foam parts fall off the fringe. The different failure patterns suggest that the shape memory NiTi foam deforms differently when subjected to different loading rates.
In fact, the three major factors governing the mechanical properties (such as stiffness and strength) of the porous/cellular solids are porosity (or relative density, which is defined as the ratio of foam density to density of the bulk materials from which the foam is made), pore size, and pore distribution. However, almost all of the current theories on cellular solids, including metal foam (ductile) and foam concrete (brittle), focus on the dependency of foam property on only the relative density, and neglect the effect of the pore size and pore distribution. It is believed that the influence of pore size and pore distribution on foam properties is also important and worth investigating, for which a considerable amount of test data are required. We will examine it in the future.
Conclusions
Shape memory NiTi foam with 45% relative density is compressed both quasi-statically and dynamically in order to investigate the response transition with increasing loading rate. Throughout the load cycles, the foam specimens are loaded with strains exceeding the recoverable NiTi limit, which exhibits the damage accumulation under different loading conditions. Subjected to quasi-static load, small foam parts of various sizes peel off from the specimen fringe, while under dynamic load, the foam fractures in the specimen center to split the foam specimen into multiple pieces. The strain rate effect is remarkable: the higher the loading rate, the higher the foam stress.
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